The 76-kDa NtpI subunit constitutes the membraneembedded V 0 moiety of Enterococcus hirae vacuolar type Na ؉ -ATPase with a 16-kDa NtpK hexamer containing Na ؉ binding sites. In this study, we investigated the role of an arginine residue, which is highly conserved among the corresponding subunits of bacterial vacuolar-type ATPases, at position 573 of NtpI. Substitution of Glu, Leu, or Gln for Arg-573 abolished sodium transport and sodium-stimulated ATP hydrolysis of the enzyme. The conservative replacement of Arg by Lys lowered both activities about one-fifth of those of the wild type enzyme. We have reported previously on ATP-dependent negative cooperativity for Na The vacuolar H ϩ -ATPase (V-ATPase) 1 functions as a proton pump in acidic organelles and plasma membranes of eukaryotic cells as well as in bacteria (1-3). We have identified a variant of V-ATPase in Enterococcus hirae, which characteristically transports Na ϩ or Li ϩ (4). V-ATPase is composed of two structural domains: the hydrophilic/catalytic V 1 portion and membrane-embedded/ion-translocating V 0 portion. In E. hirae VATPase, the V 1 portion consists of seven subunits
The vacuolar H ϩ -ATPase (V-ATPase) 1 functions as a proton pump in acidic organelles and plasma membranes of eukaryotic cells as well as in bacteria (1) (2) (3) . We have identified a variant of V-ATPase in Enterococcus hirae, which characteristically transports Na ϩ or Li ϩ (4). V-ATPase is composed of two structural domains: the hydrophilic/catalytic V 1 portion and membrane-embedded/ion-translocating V 0 portion. In E. hirae VATPase, the V 1 portion consists of seven subunits (Ntp-A, -B, -C, -D, -E, -F, -G) and V 0 two subunits (NtpI and NtpK proteolipid) of molecular masses 76 and 16 kDa, respectively (5, 6) . V-ATPase thus structurally resembles F-ATPase, which functions as an ATP synthase in mitochondria, chloroplasts, and oxidative bacteria (7) , and it is widely accepted that the molecular mechanisms of these two ATPases are fundamentally similar (2, 8) . In the "rotation catalysis" mechanism of F-ATPase (9), the energy of ATP hydrolysis is converted into the physical force of rotation of the ␥ subunit, with three ATP being hydrolyzed per rotation (10) . In the F 0 portion, it is believed that a rotor ring consisting of c subunits rotates with the ␥ subunit relative to subunit a, and this rotation couples to proton translocation during ATP synthesis/hydrolysis by F-ATPase (8, (11) (12) (13) (14) . In Escherichia coli F-ATPase, there is an arginine residue (Arg-210) that plays a key role in ATP-coupled proton translocation in the fourth transmembrane helix of subunit a. This arginine residue is thought to interact with Asp-61, the proton binding site, in helix 2 of subunit c (8, 11, 13) . In the E. hirae V 0 portion, ATP-coupled sodium translocation must be catalyzed by the NtpI subunit, which is considered to play the same role as subunit a in F-ATPase, together with six NtpK proteolipids, each having one Na ϩ binding site (15) . Although E. hirae NtpI shows no obvious homology to F-ATPase subunit a, there is an arginine residue (Arg-573) that is conserved among the corresponding subunits of bacterial V-ATPases, in the putative sixth transmembrane segment of NtpI. We expect Arg-573 to interact with Glu-139, the Na ϩ binding site in the fourth transmembrane segment of NtpK (16) , in sodium translocation.
In this study, we report the effect of Arg-573 mutation on Na ϩ -ATPase activity and found the contribution of NtpI Arg-573 to sodium translocation by E. hirae V-ATPase.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions-The E. hirae strains used were ATCC 9790 (wild type), obtained from the American Type Culture Collection, Nak1 (nonsense mutant of the ntpA gene) (17) , and the ntpI-deleted strain NID (ntpI::CAT) (18) . Cells were grown at 37°C in a standard complex medium, NaTY (1% Bacto tryptone, 0.5% Bacto yeast extract, 1% glucose, and 0.85% Na 2 HPO 4 ) (19) . When necessary, Na 2 CO 3 was added to this medium to adjust its pH to the appropriate alkaline pH.
Site-directed Mutagenesis-Replacement of Arg-573 by other amino acids was performed on the wild type ntpI gene in the shuttle vector pHEex (16) , containing the erythromycin resistance gene as marker (pHEexI), using a QuikChange site-directed mutagenesis kit (Stratagene). The oligonucleotide primers used were the following, with substitutions underlined: R573E, 5Ј-CAGCTATACAGAACTAATGGC-ACTG-3Ј; R573K, 5Ј-GTCAGCTATACAAAACTAATGGCACTGGGAA-TCTCTGG-3Ј; R573L, 5Ј-CAGCTATACATTACTAATGGCACTG-3Ј; and R573Q, 5Ј-GTCAGCTATACACAACTAATGGCACTGGGAATCTC-TGG-3Ј. Mutations were confirmed by DNA sequencing, using Seq4 ϫ 4 personal sequencing system (Amersham Biosciences), and the mutated fragments were then subcloned back into the vector pHEex. No other mutation was detected in the final products. The plasmids were introduced into strain NID, and the transformants were selected in medium containing 5 g/ml chloramphenicol and 10 g/ml erythromycin.
Introduction of the Histidine Tag into the Carboxyl Terminus of
NtpI-PCR was performed with pHEexI as the template, using primer 1 (5Ј-GCTTGGCAATGGATCCTGCTTGGTATCATTCTG-3Ј) and primer 2 (5Ј-GCCGGAATTCCTAATGATGATGATGATGATGTTTTTT-CTTATGATTGATGTTGACG-3Ј), resulting in the addition of six histidine residues to the carboxyl terminus of the ntpI gene product (underlined). Primer 1 and primer 2 contain the sequences for the restriction sites of BamHI and EcoRI (italics), respectively. The amplified DNA was digested by these enzymes and then inserted into these sites on pHEexI (pHEexI-His). For construction of His-tagged NtpIs containing Arg-573 mutation, pHEexI-His was used as the template, and mutations were introduced by the procedure described above. The nucleotide sequences of final products were verified by direct sequencing.
Measurement of ATP Hydrolysis Activity-The release of radioactive orthophosphate from [␥-32 P]ATP (30 -100 MBq/mol, Institute of Isotopes Co. Ltd., Hungary) was monitored using the procedure described by Lill et al. (20) To inhibit the F-ATPase but not the V-ATPase, DCC-pretreated membrane in the presence of 25 mM NaCl was used for the assay. Radioactivity in the organic phase containing the orthophosphate-molybdate complex was measured by a liquid scintillation counter. Under these experimental conditions, 5 M Na ϩ was always present as a contaminant. Sodium Extrusion Activity-Cells were grown overnight in high Na ϩ medium to induce Na ϩ -ATPase (19) , and washed cells were suspended in 50 mM Na ϩ -CHES (pH 10) containing 200 mM KCl at 1.0 mg of protein/ml. After the addition of 20 M valinomycin and 20 M CCCP, Na ϩ extrusion was initiated by adding 10 mM glucose. At intervals, 0.2-ml aliquots were filtered through membrane filters (pore size, 0.4 m; Nucleopore Polycarbonate Membrane, Whatman) and washed twice with 2 mM MgSO 4 . The cellular sodium content was determined by flame photometry after extraction from the trapped cells with hot 5% trichloroacetic acid.
Preparation of Membrane Vesicles-The membrane vesicles were prepared from ATCC 9790 and mutants by rupture of cells using a French press (21); if necessary, they were dialyzed overnight in the presence of EDTA as described previously (22) . The dialyzed membranes were collected by centrifugation at 100,000 ϫ g for 60 min. The precipitate was suspended in a buffer (10 mM Tris-HCl, 3 mM MgSO 4 , 1 mM ␤-mercaptoethanol, 10 M FUT175 (pH 7.5) (23) and was used for reconstitution experiments as the stripped membranes. The supernatant (EDTA extract) of dialyzed Nak1 membranes, which did not contain V 1 portion but F 1 portion, was used for reconstitution experiments.
Assay of ATP-driven 22 Na ϩ Uptake by F 0 F 1 -reconstituted Membrane Vesicles-Reconstitution of the F 0 F 1 -ATPase was performed as described previously with some modifications (22) . Briefly, 3 mg of the stripped membranes of ATCC 9790 or mutants was incubated at 37°C for 30 min in 1 ml of buffer (10 mM Tris-HCl, 3 mM MgSO 4 , 10 M FUT175, 1 mM ␤-mercaptoethanol, 10% glycerol (pH 7.5)) with 4.5 mg of the EDTA extract of Nak1. The reconstituted membranes were subsequently collected by centrifugation at 100,000 ϫ g for 60 min and suspended in the same buffer. 22 
Na
ϩ uptake by reconstituted membrane vesicles was measured by the method of Waser et al. (24) with minor modifications. Vesicles were washed and suspended in the assay buffer (0.2 M KOH maleate, 5 mM MgSO 4, 1 mM ␤-mercaptoethanol, 10 M FUT175, 10% glycerol (pH 7.5)). The buffer was supplemented with 10 M 22 NaCl (10 GBq/nmol) and 5 mM Mg 2ϩ -ATP, incubated at room temperature, and uptake was initiated by addition of 0.2 mg/ml vesicles. 0.2-ml aliquots were filtered through Cellulose nitrate filters (pore size 0.45 M, ADVANTEC, Tokyo) and washed once with 3 ml of the same buffer. Radioactivity on the filters was determined by a ␥-scintillation counter (Aloka, Tokyo). Where indicated, 20 M CCCP was added to the reaction mixture.
Small Scale Purification of V 0 V 1 Na ϩ -ATPase Complex-0.10 mg of the membrane vesicles prepared as described previously (19) were suspended in 0.4 ml of the extraction buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 20 M FUT175, 1 mM ␤-mercaptoethanol, 10 mM imidazole (pH 7.5)). Na ϩ -ATPase containing His-tagged NtpI was solubilized by incubating the vesicles with 2.5% n-dodecyl a-D-maltoside (Calbiochem-Novabiochem) for 10 min at room temperature, and recovered in the supernatant after centrifugation at 16,000 ϫ g for 10 min at 4°C (25) . The supernatant was mixed with 0.4 ml of Ni-NTA resin that had been equilibrated with the extraction buffer. The mixture was incubated with agitation for 45 min at room temperature, and centrifuged for 30 s at 16,000 ϫ g. The resin was washed three times with 1 ml of the wash buffer, consisting of equal volumes of extraction buffer and 0.2 M Tris-HCl (pH 7.5), and then incubated at room temperature for 5 min with 0.25 ml of the elution buffer (extraction buffer containing 1 M imidazole). After centrifugation for 30 s, the supernatant containing purified Na ϩ -ATPase (about 0.01 mg) was collected and stored at -80°C (26) .
Others-Protein content was determined by the method of Lowry et al. (27) using bovine serum albumin as the standard. SDS-PAGE was conducted following Laemmli's method (28) . Western blotting was performed as described previously (29) , and visualization was carried out using anti-rabbit IgG conjugated to alkaline phosphatase. All reagents used in this study were of analytical grade.
RESULTS AND DISCUSSION
The 76-kDa NtpI protein is composed of two regions: a hydrophilic amino-terminal half and a hydrophobic carboxyl-terminal half (6) . Although the membrane topology of NtpI has not yet been determined, we consider a model with seven-transmembrane helices, according to several hydropathy analyses. V-ATPases distribute in several bacteria, and the carboxylterminal hydrophobic regions of their NtpI subunits are highly conserved (30 -34) . Fig. 1A shows the alignment of amino acid sequences in the putative last two transmembrane segments of the NtpI homologs. This region contains three arginine resi- NtpI Arg-573 Is Indispensable for Na ϩ Translocationdues, and one of them (E. hirae Arg-573) exists in the putative sixth transmembrane segment. Because this arginine residue is considered to correspond to the essential arginine residue of F-ATPase subunit a (Fig. 1B) (8, 13) , Arg-573 may well participate in Na ϩ translocation of this V-ATPase. First, the effects of Arg-573 mutations on cell growth were examined. V-ATPase is indispensable for ion homeostasis of E. hirae at alkaline pH (17) . Even when the pH of the medium was shifted to 10, the parental strain 9790 grew well with nearly the same growth rate as that found at pH 8 (data not shown). On the other hand, the ntpI-deleted strain NID did not grow at such an alkaline pH, and it was necessary to introduce pHEexI (wild type ntpI) to restore the growth of NID (Table I) . Substitution of Glu, Leu, or Gln for Arg-573 did not restore the cell growth of NID at pH 10. Only the R573K mutant grew in such an alkaline medium with a slower growth rate rather than the wild type strain (Table I ). The V-ATPase activities of the NtpI Arg-573 mutants were then examined. Na ϩ -stimulated ATP hydrolytic activity was observed normally in the inverted membrane vesicles from NID/pHEexI as well as in those from parent strain 9790 but was absolutely nondetectable in those from NID/pHEex (vector). The activities were completely lost in vesicles from the mutants R573E, R573GQ, and R573L. The Na ϩ -stimulated ATPase activity by the mutant R573K was partially observed (Table I) .
To assess whether the introduced mutations caused destabilization of the V-ATPase complex, Western blotting using antisera against NtpI polypeptide or purified V 1 portion was first performed (Fig. 2A) . The expression of the NtpI subunit and those of subunits A and B, the major subunits of the V 1 portion, were almost similar to those of the wild type strain (Fig. 2A,  lanes 3-6) . To confirm that the V-ATPase complex containing Arg-573 mutation was assembled normally, we attempted to purify the entire V 0 V 1 complex with the His-tagged mutated NtpI using Ni-NTA resin. The Na ϩ -ATPase containing Histagged NtpI was functional in both Na ϩ extrusion and Na ϩ -stimulated ATPase activity. Although some unrelated protein bands were detected in the sample, all nine subunits of Na ϩ -ATPase were detected by SDS-PAGE in the case of the wild type NtpI (Fig. 2B, lane 2) , whereas no V-ATPase subunits were detected in the case of NID/pHEex (vector) (Fig. 2B, lane  1) . All other Arg-573 mutants showed the patterns in SDS-PAGE that were the same as that of the wild type (Fig. 2B,  lanes 3-6) . Furthermore, Western blotting revealed that the amount of NtpI in each ATPase complex was similar among the wild type and Arg-573 mutants (data not shown). It has been reported that R735L mutation caused destabilization of yeast V-ATPase complex (35) . However, in the case of E. hirae Na ϩ -ATPase, Arg-573 did not affect the stability of NtpI and the assembly of the V 1 portion with the V 0 portion. We also observed that most of the A and B subunits were recovered as membrane-bound even in the case of NID/pHEex (vector) (Fig.  2A, lane 2, upper panel) . Although this result may have interesting consequences in V-ATPase assembly, further experiments are required to determine whether membrane-bound A and B subunits observed without NtpI subunit ( Fig. 2A) make up a stable V 1 portion of the complex. Fig. 3 shows sodium transport activities of the Arg-573 mutants. Proton potential-independent sodium extrusion was observed in intact cells of NID/pHEexI as well as in parent strain 9790, but disappeared upon replacement of the residue by Glu, Leu, or Gln, whereas the extrusion activity of R573K mutant was partially observed. Two other arginine residues (Arg-600 and Arg-629) were identified in NtpI carboxyl-terminal domain as conserved among bacterial V-ATPases (Fig. 1A) . However, the substitution of leucine or glutamine for these residues, most likely located in the loop or carboxyl-terminal flanking region, did not affect the Na ϩ -ATPase activity (data not shown). Therefore, we consider that NtpI Arg-573 corresponds to the essential arginine residue for ion translocation of the F-ATPase subunit a of E. coli (Arg-210) or Propionigenium modestum (Arg-227) (8, 13) (Fig. 1B) . Furthermore, although a Growth rates were determined between the optical densities of 0.1 and 0.2, in NaTY medium (pH 10). There was no significant change in the medium pH during this period.
b Na ϩ -ATPase activity was determined in the presence of 20 mM NaCl as described under "Experimental Procedures," and the activities shown were subtracted by the activities of each strain at 0 mM NaCl. The activities shown are Na ϩ -stimulated ATPase activity (nmol/ min/mg of protein) Ϯ S.D. and (n) number of measurements.
FIG. 2. Effect of NtpI Arg-573 mutations on assembly of the E. hirae V-ATPase.
A, Western blotting of membranes. Membrane vesicles (30 g of protein) were electrophoresed on 7.5% or 13.5% gel, and Western blotting was performed with antisera raised against the oligopeptides for the NtpI (upper panel) (40) or the purified V 1 (lower panel) (42) , respectively. Spots were visualized using goat anti-rabbit IgG conjugated to alkaline phosphatase. NtpI Arg-573 Is Indispensable for Na ϩ Translocation 24407 the similarity between the overall sequences of the E. hirae NtpI and the yeast V-ATPase 100-kDa subunit is only moderate (36), the region containing the Arg-573 of NtpI has noticeable sequence similarity to the region containing the Arg-735 of the yeast 100-kDa subunit. A recent study discusses the importance of Arg-735 of the yeast 100-kDa subunit in proton translocation (35) . These results suggest that NtpI Arg-573 is a critical arginine residue in ATP-coupled sodium translocation of E. hirae V-ATPase. In E. coli F-ATPase, a mutant of essential arginine residue (R210A) completely lacked ATPase-coupled H ϩ transport but retained F 0 -mediated passive H ϩ transport activity (37) . On the other hand, it has been reported in V-ATPase that the free V 0 portion has no passive proton channel activity (38) . We tested the possibility that E. hirae V 0 functions as a passive Na ϩ channel. E. hirae has two Na ϩ extrusion system, Na ϩ -ATPase and Na ϩ /H ϩ antiporter (24) . We examined the effect of V 0 on the generation of the Na ϩ electrochemical gradient by the antiporter. For this purpose, the membrane vesicles containing F 0 F 1 -ATPase and the free V 0 portion were reconstituted with the stripped membranes (ATCC 9790, NID, or mutant R573L) and the EDTA extract of Nak1, in which the F 1 portion, not the V 1 portion, was contained. Western blotting revealed reconstitution of F 0 F 1 -ATPase and the presence of the free V 0 portion (Fig. 4A) . Fig. 4B shows 22 Na ϩ uptake by the V 1 -stripped, F 0 F 1 -reconstituted membrane vesicles. ATP-driven Na ϩ uptake, which was completely blocked by a protonophore, was observed for all of the vesicles from 9790, NID, or the mutant R573L. The accumulation level of 22 Na ϩ was equal among these vesicles (Fig. 4B) , suggesting that generation of Na ϩ gradient by the antiporter was not affected by the presence or absence of functional V 0 . We think that the V 0 portion of the E. hirae Na ϩ -ATPase does not function as a passive Na ϩ pore. At least, the R573L mutation did not affect Na ϩ permeability of the V 0 portion.
E. hirae Na ϩ -ATPase showed negative cooperativity (n H ϭ 0.16 Ϯ 0.03) for Na ϩ coupling in ATP hydrolysis, and the Hill coefficient (n H ) increased to 1 in parallel with the decrease of ATP concentration (39) . We interpret this feature according to an "ATP-dependent affinity change" model of the Na ϩ binding site. 1) At the first step of ion translocation, the ion binding site on NtpK (Glu-139) binds Na ϩ with a single high affinity (K d of Na ϩ ϭ 15 Ϯ 5 M) (15) . 2) During rotation of the NtpK rotor ring, a conformational change of NtpK is expected to occur at the interface between NtpK and NtpI, which lowers the Na ϩ binding affinity to release Na ϩ through the channel in NtpI.
3) The conformation of the binding site returns to its original high affinity state after exiting this interface. To explain the ATP concentration-dependent change of the Hill coefficient for Na ϩ dependence, we postulate that a certain amount of time is NtpI Arg-573 Is Indispensable for Na ϩ Translocationrequired for the binding site to return to the high affinity state. Thus, in a continuous catalytic process (in the presence of a high concentration of ATP), several Na ϩ binding sites remaining at such a low affinity state bind next Na ϩ , which is the rate-limited step at high concentration of ATP. Therefore, with a sufficient concentration of ATP, negative cooperativity is observed (39) . In this context, it is important to understand the role of Arg-573 in cooperativity for Na ϩ coupling. Fig. 5 shows the dependence on Na ϩ of ATP hydrolysis by V-ATPase in membrane vesicles from wild type or the R573K mutant. The affinity for Na ϩ of the membrane vesicles from wild type was found to be biphasic as well as the purified enzyme (25, 40) , and the apparent K m values for Na ϩ , 20 Ϯ 4 M and 5 mM, were estimated. Fig. 5B shows the n H values at various concentrations of ATP in the range of 0.05-10 mM NaCl. At 2 mM ATP, the n H of the wild type was 0.22 Ϯ 0.03. However, even at the same ATP concentration, the R573K mutant showed a much higher value of the n H (0.40 Ϯ 0.05), and only one apparent K m value for Na ϩ of 33 Ϯ 7 M was calculated. At limited ATP concentration (0.01-0.1 mM), the n H values of both enzymes increased to near 1 (Fig. 5B) . The K m values for ATP at 25 mM Na ϩ (steady-state) were 0.7 mM for the wild type and 0.8 mM for the mutant (data not shown), indicating that the Arg-573 mutation did not affect the affinity for ATP. We suspect that the effects of the mutation on Na ϩ binding at NtpK are probably insignificant, given the low K m value (high affinity) for Na ϩ in ATP hydrolysis of the mutant. And the experiments showed that the cooperativity for Na ϩ coupling of this enzyme was weakened by substitution of R573K. Then according to the ATP-dependent affinity change model, the effect of R573K mutation is interpreted to slow down the rotation of the NtpK rotor, providing enough time to enable the binding sites to return to their original high affinity state.
In the mechanism of ATP-driven ion transport by F-ATPase, Oster et al. (41) hypothesized that the stator positive charge (Arg-210 of E. coli or Arg-227 of P. modestum) is critically FIG. 5 . Dependence of Na ؉ -ATPase activity of membranes from the NtpI R573K mutant on Na ؉ concentration. A, ATP hydrolyzing activity. The activities of wild type (open symbols) or R573K (closed symbols) were measured at various ATP concentrations (circles, 2 mM; triangles, 0.1 mM; squares, 0.05 mM) as described under "Experimental procedures." B, the n H at various ATP concentrations was calculated using data from more than three experiments as indicated in parentheses.
FIG. 4.

22
Na
؉ accumulation by the V 1 -stripped, F 0 F 1 -reconstituted membrane vesicles. A, Western blotting of membranes. Preparation of original membrane vesicles and the stripped membranes, F 0 F 1 -reconstituted membrane vesicles, was performed as described under "Experimental Procedures." Western blotting was performed with antisera raised against the oligopeptides for the NtpI (40), the purified F 1 (43) , or V 1 (42) , and spots were visualized using goat anti-rabbit IgG-conjugated alkaline phosphatase. required to promote ion translocation. Our results indicate that Arg-573 is a functionally indispensable residue of NtpI stator in Na ϩ translocation, probably by affecting the rotation of the NtpK rotor.
